Abstract Many forest-dwelling species are dependent on deadwood. Sources of deadwood include competition-and senescence-related mortality of trees, and various damages. This study described a methodology for predicting the effect of wind damage on the amount of deadwood and suitability of the forest for saproxylic species. The methodology was used in a forested boreal landscape of 360 ha to analyze the effects of wind damage on the habitat quality for 27 groups of saproxylic species differing in their requirements for the species, size and decay stage of deadwood objects. A reference plan maximized net present value (MaxNPV) while others either minimized or maximized height differences between adjacent stands. Maximization of height differences resulted in high amount of wind damage and deadwood while minimizing height differences minimized wind damage and the amount of damage-related deadwood. The fourth plan maximized the average habitat suitability index (HSI) of the 27 groups of saproxylic species. The plans were compiled with and without even-flow harvesting constraints for three 10-year periods. Maximization of height differences between adjacent stands resulted in higher HSI values than obtained in the MaxNPV plan or in the plan than minimized height differences between adjacent stands. The average HSI of shade-demanding species correlated negatively with the amount of harvested timber. No strong correlations were found for light-demanding and indifferent species.
Introduction
In managed boreal forests, the amount of deadwood is usually too low for a high diversity of saproxylic species. For example, in southern Finland the average quantity of deadwood (without the stumps of harvested trees) is only 3 m 3 ha -1
, which is 21% of the amount found in natural forests (Finnish Statistical Yearbook of Forestry 2014) . In boreal conditions, 20-25% of species living in the forest are dependent on deadwood (they are called saproxylic species). Majority of saproxylic species require over 20 m 3 ha -1 deadwood of certain host tree species in a certain stage of wood decay (Müller and Bütler 2010; Lassauce et al. 2011; Gossner et al. 2013) . The species may also have different preferences for microclimatic conditions (Tikkanen et al. 2006 (Tikkanen et al. , 2007 Kouki and Tikkanen 2007) . Some species need moist and shady microclimate while others prefer warm and sunny sites, or have no specific microclimatic requirements.
Many saproxylic species are red-listed, having few suitable habitats in managed forests (Mönkkönen 1999; Siitonen 2001; Junninen et al. 2006; Tikkanen et al. 2006; Lassauce et al. 2012) . However, forest disturbances such as wind damage and related bark beetle attacks may increase the amount of coarse woody debris (CWD) in managed forests (Stadelmann et al. 2013; Beudert et al. 2015; Thom and Seidl 2016; Kulakowski et al. 2017; Thorn et al. 2014 Thorn et al. , 2017 . In Finland, winter and summer storms damaged a total of 24 million m 3 of timber between 2001 and 2014, with the highest timber losses in 2001 (7.3 million m 3 ) and 2010 (8.1 million m 3 ) (Gregow 2013) . Finland also experienced strong winds in 2002, 2011, 2012, 2013, and 2014 , with the annual damage ranging from 0.3 to 4 million m 3 .
Most wind damage occurs in mature stands adjacent to newly clear-cut areas or in heavily thinned stands (Laiho 1987; Zubizarreta-Gerendiain et al. 2012) . Therefore, the risk of wind damage may be decreased by avoiding new vulnerable edges and cutting the most vulnerable stands, especially when they do not provide shelter to other stands (Tarp and Helles 1997; Meilby et al. 2001; Zeng et al. 2007 ). The rotation length of unsheltered stands should be shortened in the presence of a high risk of wind damage, while stands providing wind shelter to other stands should have longer rotations (Meilby et al. 2001) . A smooth landscape structure with small height differences between adjacent stands is known to decrease the risk of wind damage (Heinonen et al. 2009; Seidl et al. 2014; Zubizarreta-Gerendiain et al. 2017) . The amount of wind damage can be predicted for a certain stand based on the characteristics of the stand itself and its immediate neighbors (Meilby et al. 2001; Zeng et al. 2007; Heinonen et al. 2009 ), making it possible to evaluate the potential effects of wind damage on the amount of deadwood and, consequently, the habitat suitability for saproxylic species.
The present study developed a methodology for predicting the amount and location of wind damage under a certain management plan and calculating the effect of damaged trees on the habitat quality of saproxylic forest species. Earlier research (Tikkanen et al. 2007; Tikkanen et al. 2007 ) has developed models for calculating habitat suitability indices (HSI) for 27 groups of forest-dwelling saproxylic species based on stand density and the amount and type of deadwood. The groups have different requirements for stand density (microclimatic conditions) as well as the species, size and stage of decomposition of deadwood objects. The developed methodology was tested in a boreal forest potentially suitable for these 27 groups of saproxylic species. A reference plan maximized the net present value (MaxNPV), while others either minimized (MinRisk) or maximized (MaxRisk) the risk of wind damage, via minimizing or maximizing height differences between adjacent stands. The fourth plan (MaxBio) maximized the mean HSI of the 27 groups of saproxylic species. The four management plans were compiled with and without even-flow harvesting constraints for three 10-year periods.
Materials and methods

Overview
We used the Monsu forest planning software (Pukkala 2004 (Pukkala , 2008 for simulating stand development and optimizing management. The software also calculated the amounts of wind damage and deadwood, and the HSI values for different groups of saproxylic species. In a recent study by Zubizarreta-Gerendiain et al. (2017) , the Monsu software was augmented with a component that simulates wind damage at stand borders. The HSI models used in this study for different groups of saproxylic forest species were introduced into Monsu by Pukkala (2008) , based on Tikkanen et al. (2007) and Kouki and Tikkanen (2007) .
The analyses of this study consisted of the following steps ( Fig. 1 ):
1. Alternative treatment schedules were simulated for all stands in the forest landscape without predicting the amount of wind damage. 2. The optimal combination of management schedules was found by numerical optimization. Four plans (all with and without even-flow harvesting constraint) were compiled, being here on referred to as MaxNPV, MinRisk, MaxRisk, and MaxBio (Table 1 ). The optimal solutions provided information on tree height development of every stand in the studied forest landscape. 3. The optimal schedules selected for the stands in Step 2 were simulated again, this time including the Fig. 1 Flow chart of the method used to analyse the effects of wind damage on the habitat suitability of saproxylic forest species simulation of wind damage at stand edges, considering the shelter provided by adjacent stands. Decomposition of all dead trees (competition-induced mortality and wind-thrown trees) was simulated, making it possible to calculate the amount of deadwood in different stages of decomposition.
The method was applied to a case study forest representing the same region for which the HSI models were developed (eastern Finland). The site and growing stock characteristics are true forest inventory data from eastern Finland. The stand borders are from a forest holding where the forest cover is continuous (Fig. 2) , which was regarded a useful property for the purposes of the current study. The case study forest consists of 360 ha and 245 stand compartments and is dominated by Scots pine (Pinus sylvestris) and Norway spruce (Picea abies), followed by birch (Betula pendula and B. pubescens) and other broadleaves ( Table 2 ). The growing sites are fertile as 201.3 ha represent herb-rich sites (Oxalis-Myrtillus type), 131.3 ha mesic sites (Myrtillus type), 17.7 ha sib-xeric sites (Vaccinium type), 7.7 ha xeric sites (Calluna type) and 1.7 ha was nonproductive stunted forest.
Simulation of treatment schedules
Several alternative treatment schedules were simulated for each stand for three consecutive 10-year periods. A set of variables was calculated for each schedule, including growing stock volume, volume of harvested timber, NPV, deadwood volume by species, diameter class and stage of decomposition, and the HSI values. The currently recommended thinning thresholds (stand basal area at which thinning is recommended) and mean stem diameter at breast height required for final felling were applied (Ä ijälä et al. 2014) . Additional schedules were simulated postponing either the thinning treatments or the final felling, as well as simulating stand development without any cuttings (Pukkala 2004) .
All simulations represented even-aged management. Clear felling followed by planting or sowing was used as the main regeneration method, except for Scots pine grown at sub-xeric and poorer sites, where seeding or natural regeneration with seed trees was used (Ä ijälä et al. 2014) . Seedlings of various tree species were also expected to born naturally on all sites. Tending treatment of dense seedling and sapling stands were simulated according to Effect of wind damage on the habitat suitability of saproxylic species in a boreal forest… 881 the recommendations. Uniform thinning was used whenever thinning was applied, removing the same percentage of trees from all diameter classes. The individual-tree models of Pukkala et al. (2013) were used to simulate tree growth, competition-induced mortality, and tree recruitment. The decomposition of each dead tree was also simulated and the species-specific total dry masses of deadwood were calculated using three tree size classes (diameter class \ 10 cm, 10-30 cm and [ 30 cm) and five different wood decay stages classes (I-V, grade V being the most decomposed). Decomposition of the stems of dead trees was simulated by using the decay curve Y t = Y 0 9 exp(-kt) where t is time since death and k is annual decay rate (Y 0 is dry mass at the moment of death and Y t is remaining dry mass after t years of decomposition). The annual decomposition rate (k) was calculated separately for each dead tree using the models of Pukkala (Fig. 3 in Pukkala 2006 ). The models for decay rate are based on measured wood density of logs representing different decay stages and the results of Tarasov and Birdsey (2001) for boreal tree species (Tikkanen et al. 2007; Kouki and Tikkanen 2007) .
Stem taper models (Laasasenaho 1982) were used to calculate the volumes of different timber assortments, with the minimum top diameters and roadside prices used for different tree species and timber assortments shown in Table 3 . Harvesting costs calculated via harvesting cost functions (Rummukainen et al. 1995) were subtracted from the roadside value of harvested trees to obtain the net income from cutting. To calculate the NPV of a treatment schedule, all costs and incomes for the simulated 30-year period were discounted to the beginning of the period using a 4% discount rate. The NPV of the final growing stock was calculated with models (Pukkala 2005) and included in the NPV of each schedule.
Calculation of habitat suitability indices
We employed the HSI models of Tikkanen et al. (2007) and Kouki and Tikkanen (2007) for 27 groups of saproxylic forest species. These expert models are based on reported relationships between the amount of deadwood and the richness of saproxylic species (Martikainen et al. 2000; Similä et al. 2003; Penttilä et al. 2004; Junninen et al. 2006) . The groups were named by one species that typifies the group. A group consisted of saproxylic species that are dependent on deadwood of the same species, size and stage of decomposition. The groups also differ in their requirements for microclimatic conditions (shade-demanding, light-demanding or indifferent). Microclimatic conditions were described by the total basal area of the stand and the proportion of Norway spruce of growing stock volume as Norway spruce casts more shade than the other species and increases the moisture of forest floor.
The HSI values were calculated as follows:
where Environment describes shading conditions, Resource describes the availability of suitable deadwood and t refers to 10-year period (Pukkala 2008) . Both sub-indices (Environment and Resource) range from 0 to 1. In the HSI models, Environment equals to 1 for species indifferent to shading conditions. The HSI value of the previous period (t -1) affected the HSI (except for the first period, for which the earlier HSI was unknown) to account for the requirement for temporal continuity. If the HSI of the previous period was \ 0.1, 0.1 was used in calculations, which means that a stand, which was initially unsuitable for certain species group, could gradually become a suitable habitat. All stands with HSI greater than 0.5 were considered suitable habitats for the species group.
Optimization
Management was optimized using the treatment schedules that were simulated without wind damage. The following four optimization problems were solved (Table 1) : (1) maximizing NPV (MaxNPV); (2) minimizing the risk of wind damage by minimizing the mean height difference between adjacent stands (MinRisk); (3) maximizing the risk of wind damage by maximizing the mean height difference between adjacent stands (MaxRisk); and (4) maximizing the mean HSI value of the 27 groups of saproxylic species (maximizing biodiversity, MaxBio). In the optimization for the fourth plan (MaxBio), the HSIs were calculated without the effect of wind-damaged trees since damage was not predicted at this stage of the analysis (Fig. 1) . The optimization problems were formulated as follows:
subject to:
where z is the objective function (NPV, mean height difference between adjacent stands or the mean HSI of the 27 groups of saproxylic species), Z is the procedure employed to calculate the value of the objective function from the information for treatment schedules included in the solution, q i is the volume harvested during 10-year period i, Q i is the procedure employed to calculate the harvested volume of the solution, and x is a vector indicating the ID numbers of those schedules included in the solution. Since two of the problems (MinRisk and MaxRisk) were spatial, a heuristic method (simulated annealing) was used to find the optimal combination of the simulated treatment schedules (Lockwood and Moore 1992) . Plans were also compiled without even-flow harvesting constraints for the three 10-year time periods, resulting in a total of eight management plans. In the management plans that included the even-flow constraint, the cutting target was nearly equal to the volume increment of the forest, thereby maintaining a more or less stable forest biomass throughout the analyzed 30-year period.
Calculation of wind damage
Wind damage was calculated following the approach used in a previous study (Zubizarreta-Gerendiain et al. 2017) . In this approach, schedules that belonged to the optimal management plans were simulated again so that wind damage was also simulated (Fig. 1) . This yielded damageadjusted results for the amount of deadwood, HSI, NPV and the total amount of harvested timber. The critical wind speeds (CWS) needed to uproot trees at stand edges were calculated based on the characteristics of both the subject stand (tree species, mean tree height and breast height diameter to height ratio) and the adjacent stand (mean height and area of the stand), using the approach developed by Heinonen et al. (2009) . Based on wind speed statistics and the CWS predicted for a stand edge, the probability that wind speed exceeds the threshold speed during a 5-year period was calculated (Zubizarreta-Gerendiain et al. 2017). We assumed that CWS increases sharply within one tree height from the stand edge (Peltola et al. 1999 ) with a consequence that wind damage occurs only near stand edge. It was assumed that 3% of trees within the edge zone are uprooted or broken in a wind damage event, based on wind damage measurements in Finland in 2001 after the Pyry, Mielikki and Janika storms (Zubizarreta-Gerendiain et al. 2012).
Results
Habitat suitability for saproxylic species
At the beginning of the simulation (year 2017), the mean HSI value for all species groups was 0.102 (Table 4 ). The highest mean HSI value (0.179) over all species groups was obtained at the end of the 30-year simulation period for a fragmented forest landscape (MaxRisk plan with even-flow harvesting constraint). The lowest mean HSI value (0.151) was obtained for a smooth forest landscape (MinRisk plan without even-flow constraint) (Table 4 ). Thus, minimizing LC least concern, NT near threatened, VU vulnerable, EN endangered, CR critically endangered the risk of wind damage by reducing height differences between adjacent stands reduced the mean HSI value. Even-flow harvesting constraint reduced the influence of the objective variable on the HSI values (Table 4) . At the beginning of the simulation, the light-demanding species groups had the highest average HSI value (0.160), and the shade-preferring species group the lowest (0.045). The highest average HSI values at the end of the 30-year simulation period were predicted for the light-demanding species group (0.190-0.239), followed by species groups indifferent to microclimatic conditions (0.181-0.214). Species groups preferring shade had the lowest HSI values at the end of the 30-year period (0.092-0.119).
When wind damage was not simulated, the mean HSI values were underestimated by 22-50% depending on the management plan, the most for the MaxRisk plan and the least for the MaxBio plan (Fig. 3) . The mean HSIs of the three microclimatic groups were underestimated by 32-50% (light-demanding species), 24-49% (indifferent species), and 22-44% (shade-demanding species), depending on management plan.
The suitable habitat areas for the different species groups varied in the same way as the HSI values. At the end of the 30-year simulation period, the suitable habitat area (HSI [ 0.5) was 35-53 ha for indifferent species groups, 32-52 ha for light-demanding species groups, and 4-16 ha for shade-demanding species groups, depending on management plan (Fig. 4) . The smallest habitat areas were usually obtained for the MinRisk plan, while the MaxRisk and MaxBio plans tended to result in the largest habitat areas. When wind damage was not simulated, the MaxRisk plan underestimated the suitable habitat area the most.
Effect of deadwood, harvested volume and NPV on habitat suitability
The HSI values correlated positively with the amount of deadwood (r = 0.797-0.917), regardless of the microclimatic preferences of the species group (Fig. 5) . HSI also correlated positively with species-specific amounts of deadwood (r = 0.818-0.835).
At the beginning of the simulation, the calculated total amount of deadwood was 2.2 Mg ha -1 (with diameter [ 10 cm). At the end of the 30-year simulation period, the total amount of deadwood ranged from 7.3 to 8.6 Mg ha -1 with the even-flow harvesting constraint, and from 5.5 to 8.9 Mg ha -1 without the even-flow harvesting constraint, depending on the management plan. Therefore, the even-flow constraint for harvested wood reduced the differences between management plans. Plans maximizing either the risk of wind damage (MaxRisk) or biodiversity (MaxBio) yielded the highest amount of deadwood (Fig. 6) .
Of the total amount of deadwood, 38-72% was accounted for by wind-thrown trees and the remaining Table 1) Effect of wind damage on the habitat suitability of saproxylic species in a boreal forest… 885
28-62% was due to competition-induced mortality. The share of wind-thrown trees was highest in the MaxRisk plan and lowest in the MaxBio plan. When wind damage was simulated, the final amount of deadwood at the end of the 30-year simulation period (year 2047) was 69-255% higher than obtained when wind damage was not simulated. All management plans exhibited similar patterns regarding the amount of deadwood of different tree species (Fig. 6) . Pine, spruce and birch deadwood accounted for over 90% of deadwood. The amount of aspen deadwood (Populus tremula) and that of other species was very low (less than 0.6 Mg ha -1 ).
When the amount of harvested timber or NPV increased, the mean HSI values decreased for the shade-demanding species group (Fig. 7) . In this species category, the correlation coefficient between harvested volume and HSI was -0.720, and the correlation between NPV and HSI was -0.838. The mean HSI values of light-demanding and indifferent species groups did not correlate strongly with the amount of harvested timber or with the NPV (r = 0.006-0.269 for light-demanding species, and r = -0.116-0.057 for indifferent species). 
Discussion
Some years ago, the 27 groups of saproxylic species analyzed in this work accounted for roughly 70% of all redlisted forest species in a Finnish boreal forest area in eastern Finland (Tikkanen et al. 2007 ). Our study showed that wind-thrown trees may greatly contribute to the viability of these species in managed boreal forests. Our study also showed that omitting wind damage from calculations will result in underestimated predictions of the amount of deadwood and, consequently, underestimated values of habitat suitability indices and habitat areas. This underestimation would be larger for fragmented landscapes than for smooth continuous landscapes, as we demonstrated in this study. However, our study may overestimate the effect of wind damage on the habitat suitability of shade-demanding saproxylic species since most wind damage occurs near stand edges. This is because shade was described by the mean basal area of the whole stand when calculating the HSIs. Wind damage decreases basal area near stand edges and, as a consequence, especially the southern edges of mature stands may become too sunny for shade-demanding species although there may be plenty of suitable deadwood. We assumed that only trees near stand edge are vulnerable to wind damage. This assumption was done because previous studies indicate that most wind damage in Finnish conditions occurs at stand edges adjacent to newly clear-cut areas. Only heavily thinned mature stands are prone to have damage in their inner parts for a few years after thinning (Laiho 1987; Peltola et al. 1999; ZubizarretaGerendiain et al. 2012 ). In our boreal forest landscape, the amount of deadwood resulting from wind damage was greatest in the MaxRisk plan, which resulted in a fragmented landscape with large height differences between neighboring stands. Fragmented forest landscapes have been found to increase wind damage also in previous studies (Zeng et al. 2004; Zubizarreta-Gerendiain et al. 2017) . In this study, the amount of deadwood caused by competition-induced mortality was greatest under the MaxBio plan. The MaxRisk and MaxBio plans resulted in the highest total amount of deadwood, roughly 30-40 m 3 ha -1 (7-9 Mg ha -1 ), at the end of the 30-year simulation period. Wind damage increases mainly the amount of large-sized deadwood, which is crucial for many species and usually scarce in managed forests (Lassauce et al. 2011 (Lassauce et al. , 2012 .
In general, leaving wind-damaged trees to forest may be regarded beneficial to forest biodiversity (Kuuluvainen 2002; Lassauce et al. 2011; Thorn et al. 2014 Thorn et al. , 2017 Thom and Seidl 2016; Kulakowski et al. 2017) . It may also offer a cost-efficient means to increase the amount of deadwood because the economic value of wind thrown trees is clearly lower than that of undamaged trees. Relatively high amount of deadwood (over 20 m 3 ha -1 ) is preferred by many saproxylic species. This amount of deadwood is rarely available in managed forests where good economic profitability is pursued (e.g. Lassauce et al. 2011; Gossner et al. 2013 ). However, our study showed that competitioninduced mortality and wind damage, when put together, may produce sufficient quantities of deadwood.
Unfortunately, the beneficial effects of wind damage are obtained at the cost of increased forest fragmentation. A high degree of fragmentation may be detrimental for biodiversity despite increasing amount of deadwood because fragmentation decreases the connectivity between suitable habitat patches and resources (Tikkanen et al. 2007 ). In addition, damaged trees should preferably be harvested if their number is high because damaged trees may contribute to severe outbreaks of bark beetles (Stadelmann et al. 2013; Thorn et al. 2014) .
Our study did not consider the effects of climate change on biodiversity indicators. Climate change is expected to increase the growth and growing stock volume of forests, but it also increases abiotic and biotic disturbances, of which biodiversity may benefit due to increased amount of deadwood (Kellomäki et al. 2008; Mazziotta et al. 2014 Mazziotta et al. , 2015 Thom and Seidl 2016; Thorn et al. 2017) . On the other hand, climate change may enhance the decomposition of dead wood, which may reduce the resource availability for some species (Mazziotta et al. 2014) . Therefore, future studies are required to analyze the interactive effects of management and climate change on different biotic and abiotic disturbances to forests and the amount of and type of deadwood.
